The real-world applications of terahertz (THz) technology necessitate versatile adaptive optical components, for example, modulators. In this chapter, we begin with a brief review on different techniques for THz modulation. After that, we introduce the extraordinary features of graphene along with its advantages and disadvantages as channel materials for field effect transistor (FET). We then discuss two types of graphene FET-based THz modulators, one is rigid and another is flexible. The feasibility of the high-quality THz modulators with different graphene FET structures has been successfully demonstrated. It is observed that by tuning the carrier concentration of graphene by electrical gating, the THz modulation can be obtained with relatively large modulation depth, broad width band, and moderate speed. This chapter helps the reader in obtaining guidelines for the proper choice of a specific structure for THz modulator with graphene FET.
Introduction
The terahertz region of the electromagnetic spectrum roughly extends from 0.1 to 10 THz, corresponding to wavelengths from 3 mm to 30 μm. Terahertz (THz) waves interact with a plethpolarizer, and so on. Among all these desired THz components and devices, modulators stand at on the focus of current interest [5] . Modulators can be used to control the amplitude, phase, polarization state, spatial propagation direction, pulse shape, and many more characteristic properties of electromagnetic waves and thus act as essential parts of sophisticated THz application systems such as wireless telecommunication or security imaging [6] .
However, unlike the optical or microwave regime where active modulators are well established, the THz frequency regime is still in great demand for efficient, fast, and versatile active light modulators [6] . This is mainly due to the lack of natural materials that have tunable electromagnetic response to THz wave [5] . Nevertheless, materials including semiconductors [7, 8] , metamaterials [9] [10] [11] [12] , superconductors [13, 14] , and phase-transition materials [15, 16] have been intensively explored to control and manipulate THz wave with great progress being made in this direction. Modulators can be categorized by the technique or material system, which is employed to modulate the wave, for example, optical, electronic, thermal, and magnetic modulators.
The all-optical approach is an effective and attractive method to fabricate THz modulators, especially those with broadband or spatial operating features. Semiconductors, especially high-resistive (HR) silicon, have proven to be suitable for all-optical modulation of THz wave by converting photons into electrons upon optical illumination [17] . Generally, the pump laser produces a temporary region of high absorption or reflectance on semiconductor. THz wave, co-projected on this area, is thus modulated [18] . As a result, all optical spatial THz modulators, based on a bare silicon wafer, have previously been proposed to realize photodesigned THz devices [19] or reconfigurable quasi-optical THz components [20, 21] . Si is an attractive candidate for optical opponents because it is earth abundant, chemically stable, and has a suitable band gap. Silicon-based THz devices are particularly desirable as they would enable interfacing with existing and emerging Si-based optoelectronics, thereby providing potential low-cost route toward applications. However, a silicon wafer exhibits strong reflection to both optical light (~40%) and THz radiation (~30%), which greatly limits the achievable tunability and versatility. Xie et al. verified that the modulation depth (MD) of silicon wafer to THz wave is only 19.9% under 800 mW femtosecond laser, although this value could be 98.6% if the pump laser intensity is high enough [21] . Very recently, plasmonic layers [22] , graphene [23, 24] , and even thin organic layers [25] have been fabricated on the surface of Si to enhance the modulation properties. Si modulators with these additional layers can work under lower pumping power, while having the same or even two to four times larger modulation depth. Very recently, Qi-Ye Wen and his co-workers demonstrated an interesting Si nanostructure for optically driven THz modulators [26] . They showed that nanotip (SiNT) arrays made from silicon wafer can be utilized as antireflection layers for both THz wave and visible light to achieve a low-loss and spectrally broadband THz modulator with a remarkably enhanced MD. Instead of fabricating heterogeneous materials on silicon, the nanotips are directly etched from the Si substrate and thus are structurally stable. Compared with the modulators fabricated on bare silicon, a nearly three times larger MD is achieved with the SiNT modulator. Crucially, the intrinsic THz transmission of the SiNT modulator is as high as 90% due to a strong antireflection effect arising from the nanotip layer as a result of the formation of graded refractive index on the Si surface.
One disadvantage of the semiconductor-based all-optical THz modulators is its relatively low modulation speed. The ultimate modulation speed is decided by the carrier recombination time of semiconductors, which for intrinsic or HR silicon is beyond 10 μs, limiting the modulation speed to a maximum of ~100 kHz. Though gallium arsenide (GaAs) has very short carrier lifetime (10-100 ps), it requires high-power pulsed laser excitation up to 1 kW/cm 2 to achieve similar results as Si [27] . The reason for this is that the carrier lifetime of semiconductor affects the modulation depth and speed in an opposite way. Further research is ongoing to overcome this problem [27] .
Another method of THz modulation is to thermally tune the electrical conductivity and thus the optical response of semiconductors or metal oxides, especial those materials with insulatormetallic phase transition [15, [28] [29] [30] [31] . Vanadium dioxide (VO 2 ), for example, is a typical phase transition material that exhibits a reversible first-order phase transition from an insulating state to a metallic state above room temperature (~68°C). Associated with this metal-insulator transition (MIT) is a lattice structural transition from the monoclinic to tetragonal, a change of conductivity by 3-5 orders of magnitude and significant changes of the optical properties at all wavelengths. Since the insulated state is transparent while conductive state is opaque to THz wave, the THz transmission can thus be dynamically modified from transparent to reflecting modes by controlling the phase transition of the VO 2 film. VO 2 films, separately or integrated with resonant element (e.g., metamaterials), have already been used to control and manipulate THz wave [15, 30, 32, 33] .
Although great progress has been made in optically and thermally driven THz modulators, an all-electronic approach is more interesting and attractive for the real application. It is well known that the carrier concentration in semiconductors can be tuned by electric injection or depletion of charge carriers. It is proved that THz wave can be manipulated by the use of two-dimensional electron gases (2DEGs) in semiconductors [7, 8] . A semiconductor-based field-effect transistor (FET) is a very useful architecture to fabricate effective THz modulators.
Graphene and graphene field-effect transistors
Graphene is a quasi-two-dimensional isolated monolayer of carbon atoms that are arranged in a hexagonal lattice. It is well known for its remarkable electron mobility at room temperature, with reported values in excess of 15,000 cm 2 
·V
−1 ·s −1 [34] . Hole and electron mobilities were expected to be nearly identical. Graphene holds great promise for various material/ device applications, including solar cells [35] , light-emitting diodes (LED), touch panels, and smart windows or phonesal [36] .
Graphene is a zero-band-gap semiconductor where conduction and valence bands meet at the Dirac points. The band gap is an extremely important characteristic of the semiconductor for transistor application, which enables the transistor device to turn off and minimizes leakage current at off state. In this circumstance, the gapless band structure of single-layer graphene makes it unsuitable for the direct use of graphene-based field-effect transistors (FET), though it is one of the most widely discussed applications in electronics. In order to overcome the challenges faced in incorporating graphene into microelectronic applications, great efforts have gone into developing three main aspects including developing a synthesis technique to manufacture graphene over wafer-scale areas, forming a high-quality gate dielectric on the surface of graphene, and, most importantly, opening an energy band gap in graphene. This results in the observation that narrow ribbon widths down to less than 10 nm are required to open a band gap in graphene and achieve an acceptable level of low off currents. However, fabricating of narrow ribbons of that dimension is a big challenge even with current advanced lithographic techniques [37, 38] .
The zero-band-gap characteristic means that the density of states (DOS) in graphene is linear with respect to the energy level. Therefore, gate voltage can modulate the DOS linearly to enable modulation of carrier (current) in the channel. In other words, graphene-based fieldeffect transistor (GFET) can be used to tune the carrier concentration in graphene by applying a voltage at the gate, making it possible to modulate the absorption/transmission of THz wave through the devices. Recently, such a graphene-based THz modulator was demonstrated by Sensale-Rodriguez et al. and Maeng et al. [39, 40] . It is reported that the transmission of THz wave through graphene can be controlled by electrically tuning the density of states available for intra-band transitions. Though the modulation depth and speed are limited to 15% and 20 kHz by this electrical device prototype, it opens a new direction for graphene application in a transistor structure [39, 40] .
Enhanced GFET THz modulator with high-k dielectric layer
In most GFET devices, ~300-nm SiO 2 was used as the gate dielectric on top of a p-type silicon (p-Si) substrate. However, when used as a THz broadband modulator, GFET with graphene/~300 nm SiO 2 /p-Si structures has drawbacks such as high switching voltage, small modulation depth, and slow modulation speed [39, 40] . Alternatively, Al 2 O 3 with a dielectric constant of 7.5 is a high-ĸ material with numerous outstanding dielectric properties in comparison with SiO 2 [41] . In this chapter, we introduce a high-efficiency broadband THz wave modulator with quicker modulation speed and larger modulation depth by using Al 2 O 3 -based large-area graphene GFET device. The modulator consists of graphene monolayer/~60 nm Al 2 O 3 /p-Si structures. In our device, an intensity modulation depth of 22% (1% per 1.36 V) and a modulation speed of 170 kHz have been successfully achieved, which are notable improvements from previously reported 15% and 20 kHz, respectively, in the broadband modulators with graphene/~95 nm SiO 2 /Si structures [39] .
Fabrication and characteristics of the enhanced THz modulator
The native oxide layer on the (100) p-Si (ρ~1-10 Ω-cm) substrate was dissolved by buffered oxide etching solution to make a naked hydrophobic silicon surface. An Al 2 O 3 film was deposited on top of the silicon substrate by atomic layer deposition (ALD) technique at 120°C using trimethylaluminum (TMA) and O 2 as the source [42] . Figure 1(a) shows the X-ray diffraction (XRD) of the Al 2 O 3 thin film on Si substrate scanned by the Cu Kα radiation. The strong peak at 69°C is attributed to the silicon substrate, and the sharp peak at ~33°C coincides with the reflection of the α-Al 2 O 3 phase, which indicates that the Al 2 O 3 film is a single crystalline. Figure 1(b) shows the cross-section of the sample characterized by scanning electron microscope (SEM). As shown in Figure 1(b) , the deposited Al 2 O 3 layer is dense and smooth with a thickness of ~60 nm. Both XRD spectrum and SEM image confirm that Al 2 O 3 films were well prepared by the ALD system.
Large-area monolayers of graphene films were synthesized by chemical vapor deposition (CVD) on a copper foil, which were then transferred onto the ~60-nm Al 2 O 3 /p-Si substrate and 300-nm SiO 2 /p-Si substrate, respectively [43, 44] . The SiO 2 /p-Si substrate was used to fabricate the reference sample. The transferred graphene monolayers on the Al 2 O 3 /p-Si and SiO 2 /p-Si substrate were characterized by a Raman spectroscopy with a 514 nm laser in Figure 2(a) . The two obvious peaks in the Raman spectra of graphene on the Al 2 O 3 /p-Si substrate are the G peak at ~1591 cm −1 and two-dimensional peak at ~2687 cm −1 . The peak intensity ratio I G /I 2D is ~0.43, and the full-width at half-maximum (FWHM) of the two-dimensional peak is about 38 cm −1 . In addition, the intensity of the D peak at 1341 cm −1 is low with an I D /I G ratio of ~0.18, indicating that the transferred graphene is a high-quality monolayer which is similar to the sample grown on the SiO 2 /p-Si substrate [45, 46] . The optical microscope shows the top view of the graphene/Al 2 O 3 in the inset of Figure 1(b) , confirming that the device surface is smooth, uniform, and free of pinholes over large areas.
To acquire further understanding of the THz modulation characteristics, we now discuss the carrier properties of the graphene layer under electrical biasing. As graphene can be treated as a thin film, the frequency-dependent amplitude transmission |T(ω)| is given by | T (ω) | =
| , where N = 1 is the number of graphene layer, Z 0 is the vacuum impedance, and n s is the effective refractive index of the substrate. σ (ω) is the complex sheet conductivity of graphene, which can be described by the simple Drude model, namely
, where Γ is the carrier-scattering rate and D is the Drude weight. D can be further expressed as Figure 2(b) shows the conical band structures of graphene, whose Fermi level and carrier concentration can be changed by applying different gate biases in a GFET. As a result, the transmittance of the THz wave could be modulated by varying the applied bias voltages at the gate. Ambient atmosphere and processing residual on the surface of graphene often deviates the Dirac point of graphene from the zero voltage point [47] . To tune the transmittance of THz wave through the graphene, a bias at gate was applied to deviate E F further from the charge neutrality point (CNP) where carrier density of state and thus σ DC (E F ) and σ(ω) are minimized due to the conical band structure.
In addition, to evaluate the CNP of monolayer graphene, a graphene-based FET based on Al 2 O 3 /p-Si was fabricated with silver paste as the source and drain electrodes, respectively.
Meanwhile, p-Si was used as the back gate to vary the carrier concentration n and Fermi level E F of graphene as shown in Figure 2(c) . Based on the transfer characteristic measurement, the resistance between source and drain (R total )-dependent back gate voltage (V bg ) is shown in , respectively. It can be seen that the carrier mobility of GFET on Al 2 O 3 is larger than that on SiO 2 . More importantly, the g m of GFET on Al 2 O 3 (~75.5 μS) is calculated to be 11 times higher than that on SiO 2 (~ 6.5 μS) [41] . According to the equation, the huge difference in g m indicates a large discrepancy in the back-gate capacitance (C g ) and consequently in the carrier density variation for Al 2 O 3 and SiO 2 -based GFET. Due to the larger g m and higher carrier mobility, a larger modulation depth and higher speed can be anticipated in Al 2 O 3 -based GFET modulator, respectively.
Modulation properties of the enhanced THz modulator
To further compare the THz modulation properties of devices on SiO 2 / p-Si and Al 2 O 3 /p-Si substrate, we applied to the modulators with back voltages ranging from −20 to 10 V with an increment of 5 V. A blank p-Si substrate was used as a reference sample to eliminate the substrate effect. The THz transmission spectra, we would discussed later, were all normalized to a blank p-Si substrate and the absorption from the substrate was also removed. Therefore, what we analyzed in the following is almost the intrinsic properties of the graphene itself.
We measured the spectral transmission of the modulators by a typical optical-fiber integrated terahertz time-domain spectroscopy (TDS). The dynamic modulation characteristics of Al 2 O 3 -based modulator were further studied with a homemade setup, in which a Virginia Diodes (VDI) continuous-wave (CW) terahertz source with a central output in the 340 and a 240-400 GHz zero-bias Schottky diode intensity detector are included. In the measurement, we applied a square biasing voltage to the device and the output modulated THz waveform was recorded by an oscilloscope. The applied voltage pulse is −10 V at the minimum and 10 V at the maximum with various modulation frequencies. Figure 4(a) shows the recorded waveform of Al 2 O 3 -based modulator at a carrier frequency of 340 GHz. , d is thickness of the Al 2 O 3 film of 60 nm. The capacitance C is then calculated to be ~27.7 nF. As a result, the calculated RC time constant is ~138.7 kHz, which is very close to the directly measured 3-dB bandwidth (170 kHz). These results confirm that Al 2 O 3 -based GFET possesses a higher modulation speed than the conventional silicon-based graphene THz modulators [39] . 
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Obviously, the Al 2 O 3 film is superior over SiO 2 as a gate dielectric in GFET modulator. By replacing 300 nm SiO 2 with 60 nm Al 2 O 3 , an enhancement of 11 times in modulation depth was observed. Furthermore, the modulation speed increased from 20 to 170 kHz as well. One reason for this significant improvement is that the high-ĸ dielectrics can remarkably reduce the Coulomb impurity scattering [41] to achieve a high g m and consequently a larger THz modulation depth [49] . This work provides an effective method to fabricate high quality GFET THz wave modulator with large modulation depth and fast switch speed, which is vital for many THz technology applications as well as for fundamental research.
Flexible THz modulator based on graphene FET
In contrast to rigid THz modulators, flexible THz modulators are expected to be used in application fields with complicate surfaces [50] . A typical type of flexible modulator is a fieldgrating device, with which the intensity or phase of THz wave can be modulated by electrical gating or laser, but its properties remain unchanged under device deformation. This device is highly desired in nonplanar applications. Graphene is a highly flexibility material where its electronic structure can be maintained under deformation. Therefore, it is promising to develop flexible THz modulators based on graphene FET. Here, we give a typical example.
Device fabrication of the flexible THz modulator
The schematic diagram and photograph of the flexible THz modulator are presented in Figure 5(a) and (b) , respectively. The whole device is fabricated on a flexible commercial PET substrate. First, monolayer graphene was synthesized by typical chemical vapor deposition (CVD) on the copper foil and then was transferred onto the PET substrate [44] [45] [46] . The silver pastes were brushed at the two sides of graphene strip as the source and drain electrodes. The effective length and width of the channel of graphene FET was defined to be 2 and 1 cm, respectively. The ion-gel, which is a mixture of lithium perchlorate, polyethylene oxide (PEO), and carbinol, was spin coated on the surface of the graphene as the gate dielectric. The work principle of this coplanar-gate FET structure is: when a positive voltage to the device is applied, as shown in Figure 5 (a), negative and positive ions in the ion-gel accumulate onto the gate electrode and graphene channel, respectively. A strong electric field is thus imposed to the graphene to modulate the carrier concentration and as a result a modulation to the THz radiation is realized.
Modulation properties of the flexible THz modulator
The intensity modulation performance of flexible THz modulator has been investigated by using a homemade fiber-coupled THz-time domain spectroscopy (TDS). A pair of photoconductive antenna made on LT-InGaAs/InAlAs is used as both the emitter and detector, which prove a bandwidth of 2 THz approximately. The THz wave from the emitter is focused onto the center of the sample with a beam diameter of 3 mm, covering the active area of the modulator. In order to study the flexible performance of our THz modulator, the device has been measured in the flat, convex, and concave conditions, respectively. The bending strain is ~1%, which is defined as strain ≈ (t s -t p )/2r c (t s , t p > > t f ) [51] . t s is the thickness of the flexible PET substrate (~125 μm), t p the thickness of the ion-gel (~10 μm), t f the thickness of the graphene film (~0.34 nm), and r c the curvature radius. In addition, it is noted that, in this work, all transmittances of THz wave through the flexible modulator have been normalized to the reference signal of air.
The modulation performance of flexible THz modulator was studied in detail. The normalized intensities of THz wave through the modulator are plotted in Figure 6(a)-(c) in the flat, convex, and concave conditions, respectively. As shown in Figure 6 (a), significant modulation changes in THz transmission can be obtained by applying gate bias between −3 and +3 V when the modulator is in the flat condition. From Figure 6(a) , it can be observed that the transmittance has a maximum value of 81.3% at 1 V and a minimum value of 63.1% at −3 V. Therefore, the MD of the modulator is calculated to be 22.4%. Importantly, when the graphene modulator is in the convex and concave conditions, the modulation depths esti- Further demonstrating the flexible performance of our THz graphene modulator, the repeatability has been studied by performing 1000 bending times. It shows that the THz intensity can still be effectively modulated by electrical gating. The modulation depths are 21.7, 21.1, and 20.5% at 0.8 THz in the flat, convex, and concave conditions, respectively, which are very close to that of the graphene modulator before bending. The curves of transmittances as a function of gate voltage at 0.8 THz before and after bending the graphene modulator 1000 times are nearly coincident, showing its high repeatability. We can conclude that the THz intensity modulation can be maintained not only in the bending condition but also after the long bending times, indicating superior flexible performance of the THz graphene modulator.
More importantly, a low insertion loss of THz wave was observed in our flexible THz modulator. By using air as the reference, the transmittance of the flexible modulator at 1 V gate voltage was measured and normalized, as plotted in Figure 7 . It shows a broadband transmittance with the insertion loss less than 1.2 dB in the range of 0-1 THz, which is much smaller than that of the Si substrate-based rigid graphene modulators (~5 dB) [52] . The extremely low loss can be attributed to the small refractive index of PET (1.65) as compared to that of Si (3.42). Our results indicate that employing a substrate with low refractive index is beneficial for obtaining a THz modulator with low insertion loss.
Modulation depth is one of the crucial parameters that determine the real applications of THz modulators. The typical MD of existing GFET modulators is only 20%. High MD has been achieved by a complex and exquisite integration of GFET with THz quantum cascade lasers 
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(QCL), despite the intrinsic MD of GFET is only 11% [53] . Inspired by the flexible and lowloss PET-GFET we developed previously, here, we propose an effective method to enhance the modulation depth by cascading multiple PET-GFET modulators with little sacrifice of insertion loss. Two GFETs were simultaneously fabricated on both sides of PET substrate to form a cascaded THz modulator, as shown in Figure 8(a) . The obtained devices are optically transparent and highly flexible, as shown in Figure 8(b) and (c) .
Modulation depth and insertion loss, two critical parameters of THz modulators are investigated. To investigate the modulation of the cascaded device, the THz transmittance was measured with an optimized gating scheme. Figure 9 shows the transmission intensity of the THz waves through the graphene modulators at the frequency from 0.2 to 1.0 THz, which is normalized to the spectrum of air. Broadband modulation is obtained across the whole spectrum. When gate voltage is only applied to one modulator (Figure 9(a) ), the transmittance at 0.6 THz reaches the maximum of 77.56% at 0.5 V and minimum of 61.41% at −3.0 V, respectively, leading to an MD of 20.8%. Maximum modulation depth was obtained when gate electrodes of both modulators were simultaneously driven. An enhanced MD of ~51% is achieved with an IL of only 1.4 dB. To our best knowledge, this is the largest MD reported for flexible and broadband THz modulators and can be further improved by stacking more similar structures.
Conclusion
Field-effect transistors are one of the most widely discussed applications of graphene in microelectronics and opto-electronics. However, graphene is intrinsically a zero-band-gap semiconductor, which is believed to be unsuitable for use in an electronic transistor. Fortunately, graphene FET finds its potential usage as THz modulators since THz wave is highly sensitive to the free carrier concentration, which can be effectively tuned by electrical gating in a graphene FET. In this chapter, the physics principle, device structure, and the modulation characteristics of GFET-based THz modulators, both rigid and flexible, are discussed and experimentally demonstrated. It shows that THz modulators can be easily realized with graphene FET, and highly desired properties can be obtained such as the large modulation depth, high speed, broad width band, and insert loss.
